INTRODUCTION
The genomes of plants and animals contain an abundance of gene families that arose by duplication and divergence of ancestral genes. In many cases, some or all members of a gene family are closely related to each other in sequence, suggesting either that they arose by recent duplication events, are subject to intense purifying selection, or undergo concerted evolution as a result of intergenic recombination. These explanations can be difficult to distinguish, yet their mechanism of origin and their evolutionary implications are very different. The increasingly common availability of multiple related whole genome sequence assemblies offers a potentially general method for identifying cases of concerted evolution. If a group of closely-related genes is identified in one species and a corresponding group of genes is identified in other related species, these genes are candidates for undergoing concerted evolution. If the groups of genes in all the species have diverged very little from each other, this situation can be explained, without invoking concerted evolution, by strong purifying selection resulting in a low rate of sequence evolution. This explanation suffices to explain evolution in many well-know families, including histone and ubiquitin gene families (NEI and ROONEY 2004) . However if the groups of genes in each species have diverged substantially from each other, yet have retained a high degree of sequence identity within each species, the situation is best explained by concerted evolution. In effect, due to ongoing genetic exchange among different genes within each species, the genes as a group can behave as if they were alleles of a single gene. Upon speciation, the genes can continue to evolve as groups in species-specific lineages in a manner similar to divergence of single genes.
In C. elegans, gene duplications occur predominantly in tandem and locally, resulting in two nearby identical (or nearly identical) copies of the gene (SEMPLE and WOLFE 1999) . The proximity and identity of new duplicate genes is likely to permit genetic exchange between the two genes, either by gene conversion or by unequal crossing over (the latter will also result in unstable gene copy number). When such genetic exchange occurs over a sufficiently long time it results in concerted evolution of the duplicate genes. It is unknown how often such exchange happens, how long it persists over time, and how much it contributes to the pattern of divergence of new duplicates. The duration of incipient concerted evolution of duplicate genes will depend on factors including the frequency of intergenic recombination, the rate of mutation, the degree of dependence of intergenic recombination on sequence identity, and the time of retention of both copies of the duplicate genes. It is clear that duplicate genes frequently escape from concerted evolution even when they remain adjacent in the genome, as evidenced by hundreds of cases of local duplicates that have diverged from each other substantially (CHEN et al. 2005; COGHLAN and WOLFE 2004; ROBERTSON 2000; ROBERTSON 2001; SEMPLE and WOLFE 1999; THOMAS 2005; THOMAS et al. 2005) . Indeed, only a single case of clear concerted evolution has been described in nematodes, involving the Hsp70-7 and Hsp70-8 gene pair (NIKOLAIDIS and NEI 2004) . From a survey of clustered homologous genes in C. elegans (THOMAS 2005) and comparison of those genes with the sequences of the related nematodes C. briggsae and C. remanei, I report several additional cases of clustered genes that probably undergo concerted evolution. One of these cases permits a comparison of evolutionary rate in the concerted genes and non-concerted relatives; this comparison suggests that protein sequence evolution in the concerted genes is accelerated 2-to 7-fold.
MATERIALS AND METHODS
Gene Annotation: A few of the gene models in C. elegans and C. briggsae required correction and all of the genes in C. remanei were new predictions. These predictions were based on protein motif searches, tblastn searches, and conserved intron position essentially as previously described . All genes in the Nspb and Nspc families were identified and annotated, with the possible exception of unsequenced regions in C. briggsae and C. remanei.
Because of the high degree of similarity in each family and the availability of multiple gene family members, the gene models could be derived with considerable confidence; in addition, several genes in the Nspc family have EST sequence support. A few genes in each family appeared to extend into unsequenced gaps between contigs and a few others had clear defects, mostly deletions at one end of the gene. These were classified as "incomplete sequence" and pseudogenes respectively. Phylogenetic trees and alignments are shown only for the putative functional genes with complete sequence, and in some figures the other types of genes are shown marked "i" (incomplete sequence) or "ψ" (pseudogene). Nspb proteins correspond to PFAM07312 (DUF1459), which is annotated as nematode specific The unusually high degree of nucleotide similarity among genes, which also includes introns, raised the possibility that these are not protein-coding genes but instead are aberrant gene predictions based on a mid-repeat DNA sequence that has fortuitous features consistent with a coding gene. Several analyses taken together rule this possibility out: 1) comparative codon analysis indicates low d N /d S ratios characteristic of coding sequence; 2) several of the genetic variants in the Nspb family are indels that are invariably in-frame; 3) intron positions within groups are perfectly conserved; 4) several genes in the Nspc family are abundantly transcribed, as indicated by multiple EST sequences (HTTP://WORMBASE.ORG/); and 5) patterns of gene conservation across the three species are consistent with coding sequence (e.g. retention of intron position but not intron sequence).
DNA Distances and dN/dS Analysis: DNA distances were computed for genomic DNA extending from the ATG start codon through the stop codon, including intron sequence. DNA sequences were aligned using ClustalX with default settings (JEANMOUGIN et al. 1998 ) and distances were computed from the multiple alignment by the dnadist program from PHYLIP (FELSENSTEIN 1993) , using the Kimura 2-parameter model and transition/transversion ratio of 1.7 (DENVER et al. 2004) . d N /d S values were computed by the codeml program from PAML 3.14 (YANG 1997). Proteins were aligned by ClustalX (default settings) and in some cases were hand adjusted with Bonsai 1.1 (THOMAS 2004) . The protein alignment was used to generate the corresponding codon alignment and codeml was run in pairwise mode, with a transition/transversion ratio of 1.7 (DENVER et al. 2004 ).
Shared DNA: VISTA plots (AVID alignment algorithm) were generated, comparing genomic sequence for each gene in a cluster to each other cluster member. The points at which the VISTA plot rose above 75% sequence identity were used as the endpoints of shared sequence. In most cases, the change to shared sequence was abrupt and the boundary was clear; in a few cases there was a region of variable alignment (none more than ~100 nt), apparently where the last genetic exchange was old. In these cases, the region of contiguous high identity was used as the length of shared sequence.
Identification of additional candidates for concerted evolution: An all-by-all blastp search was conducted using the complete set of predicted proteins from WormBase release WS148. All matches with 90% amino acid identity or higher were collected. Annotated transposases and a few known families were removed (histone, MSP, collagen, tubulin) to simplify analysis; concerted evolution in these large families is thus possible and was not investigated. The remaining matches were screened manually for cases that involved nearby inverted genes and each of these cases was investigated individually. A few cases were discarded when gene model conflicts or other complications appeared too severe to easily resolve. For the remaining candidate duplicate genes, predictions were generated for C. briggsae and C. remanei using a combination of existing C. briggsae predictions, a GeneWise (BIRNEY et al. 2004 ) prediction pipeline guided by the C. elegans candidate proteins, and hand prediction. Probable concerted evolution was inferred when sequences from the three species clearly formed species-specific groups, consistent with a pattern similar to that documented for the Nspb and Nspc families.
Most cases did not meet this criterion: the genes from the three species formed ortholog matches or more complex relationships suggesting birth-death evolution rather than concerted evolution.
RESULTS

Gene identification:
Using comparative genomics, genes undergoing concerted evolution can be recognized by the presence of groups of genes whose sequences appear to evolve as if they were alleles of a single gene (Figure 1 shows two real examples, marked with bars). Genetic exchange among genes in such groups is probably facilitated by physical clustering of the genes. In In other clusters, one gene from this standard configuration is missing or is a probable pseudogene. I interpret both types of exceptional cases to represent genome rearrangements or mutations that occurred relatively recently. The inverted pairs of genes are typically within a few kb of each other, and there is often an unrelated gene or two in between adjacent pairs (in Figure   3 other predicted genes are shown only for C. elegans). It seems likely that these arrangements are important for intracluster genetic exchange or stability because they characterize both gene families and persist across all three species. A similar arrangement of local inverted genes was found for the Hsp70-7 and Hsp70-8 genes, the only other case of probable concerted evolution described in C. elegans (NIKOLAIDIS and NEI 2004) .
Concerted DNA sequence evolution: To provide sufficient variation for statistical analysis, partitioning of genes on trees was tested using DNA sequence multiple alignments. Trees were constructed by the maximum-likelihood method and bootstrapping as implemented in PHYLIP (FELSENSTEIN 1993) . The two Nspb subfamilies were tested separately because they align poorly to each other. Intron sequences were included for the Nspb family, but introns were excluded for the Nspc family because alignment quality in introns across clusters was poor. For each Nspb subfamily, physically clustered genes grouped together on trees with bootstrap support of at least 90% in all cases (Supplemental Figures 1 and 2 ). For the Nspc family physically clustered genes grouped together on the tree in all cases, with high bootstrap support in all but a few cases (Supplemental Figure 3) . Other conserved features of clustered genes, including indel positions and positions of translation start and stop (see Figures 1 and 2) , are not included in these bootstrap tests and strongly corroborate them. These results confirm that the intuitively apparent results observed in the protein trees and alignments are statistically significant.
The fully assembled C. elegans genome was used to assess the relationship between genome position and degree of sequence similarity among gene family members. Detailed views of this information are given for one Nspb gene cluster ( Figure 5 ) and one Nspc gene cluster ( Figure 6 ). The only strong correlation was that clustered genes are closely related and are divergent from genes that are physically distant, as described above. Attempts to correlate nucleotide divergence among genes within each cluster with other gene features gave variable results. Specifically, correlation was weak with length of shared sequence, relative gene orientation, and distance between genes. The best correlate was to the length of shared sequence (Supplemental Table 1 ), supporting a homology-dependent mechanism of concerted evolution.
However the correlation imperfect, as expected if concerted genetic exchange were rare and stochastic. Shared nucleotide sequences among cluster genes were visualized using pairwise VISTA and DNA dot plots (MAYOR et al. 2000; SONNHAMMER and DURBIN 1995) . Pairwise and multiple DNA alignments confirmed the same patterns (data not shown). An example is shown in Figure 7 , which is a dot plot of genomic DNA that includes the five clustered genes from nspb group A in C. elegans. For most gene pairs, shared sequence extended less than 100 nucleotides beyond the coding sequence on either end, sometimes ending very close to the end of the coding Figure 5 . These data indicate that there was a singleton nspb gene present in the shared common ancestor of the three species and that this gene has persisted as a single gene in each lineage. The proteins for the orthologous trio are too similar to produce a meaningful protein phylogeny, but using synonymous site nucleotide changes the trio has relative distances typical for these three species (synonymous site changes: c-b 47.1, c-r 50.6, b-r 37.1, see Materials and Methods). There is no indication that these genes have undergone concerted evolution with other nspb genes and none are located near nspb clusters in any of the species. These results are significant because they suggest that nspb genes, when divorced from nearby nspb genes, evolve in a manner typical for single copy genes in these organisms.
Furthermore, these genes provide a molecular clock that can be used to calibrate divergence among nspb gene clusters undergoing concerted evolution.
Evolution in concerted Nspb clusters is accelerated:
Using the singleton orthologs nspb-12, cb12, and cr15 for comparison, I measured the rates of synonymous and nonsynonymous codon evolution between matching nspb cluster genes from C. elegans, C. briggsae, and C. remanei (see Materials and Methods). These comparisons are summarized in Table 2 and full data are given in Supplemental Table 3 . The results are striking: the rates of nonsynonymous change are 2-to 7-fold higher in genes undergoing concerted evolution. In addition, the frequency and length of indel mutations are substantially higher in genes undergoing concerted evolution. Rates of synonymous change are probably also modestly accelerated, but less so than nonsynonymous change. All of the genes, whether from concerted clusters or not, are subject to strong purifying selection, as indicated by low d N /d S ratios. If we assume that the selection pressures acting on nspb genes are similar for the singleton orthologs and the clustered genes, these results suggest that the process of concerted evolution accelerates the rate of protein change. The cluster B comparisons may be more meaningful than the cluster A comparisons, since the cluster B genes are more closely related to the orthologs that calibrate the clock. The Nspc genes lack any singleton orthologs for comparison with clustered genes, so a similar analysis could not be done for that family.
Other probable cases of concerted evolution: The patterns observed for the Nspb and Nspc families were used as guides to identify other cases of probable concerted evolution (see Materials and Methods). Briefly, C. elegans protein predictions were systematically tested to identify pairs of proteins with >90% amino acid identity encoded by physically clustered genes in inverted orientation. These C. elegans genes were used to guide gene predictions in C. briggsae and C. remanei and coding DNA sequences from the three species were aligned and treed to test for species-specific grouping of genes. The method was sensitive since it readily identified concerted evolution in the Nspb, Nspc, and Hsp70 gene families. The method additionally identified seven other families that probably undergo concerted evolution, as summarized in Table 3 . For two of the families, maximum-likelihood DNA trees for the three species and genome arrangement in C. elegans are shown in Figure 8 . The related genes undergoing putative concerted evolution in C. briggsae and C. remanei were also invariably clustered in the genome and usually in alternating orientation. Analysis of these families was less extensive and the inference of concerted evolution was based largely on clusters of speciesspecific relatives. A few cases of gene pairs or clusters in tandem orientation in C. elegans were also investigated and no similar evidence of concerted evolution was found, but this analysis was far from exhaustive. Including the previously documented Hsp70 genes, 8 of the 10 concerted gene families encode probable secreted proteins, many of which are small and contain very unusual amino acid compositions or sequences (Supplemental Table 4 ).
DISCUSSION
Origin and maintenance of concerted clusters: It is likely that the Nspb and Nspc concerted gene clusters arose from local tandem gene duplication events followed by small inversions (SEMPLE and WOLFE 1999) . At least one of the concerted clusters appears to be extremely stable, since it is orthologous and similarly structured in the three species examined, with a cumulative divergence of ~200 My. How the shared sequence is stably maintained is not immediately apparent. It is expected that the length of shared sequence will shrink with time due to stochastic divergence near the ends, which will exclude further gene conversion. Although the regions of shared sequence in the Nspb and Nspc families are fairly well defined (for example, see Figure   7 ), in some cases there are short gray zones at the end of the shared sequence. These may be regions that were once subject to gene conversion but are now excluded and are drifting apart. In addition to gradual loss of shared sequence at the ends, simulation studies show that entire concerted duplicates will eventually escape gene conversion when they stochastically drift apart enough that conversion rates fall (TESHIMA and INNAN 2004) . How then is a length of stable shared sequence maintained? One simple possibility is that concerted clusters have limited life spans determined by the rate at which gene conversion is lost over time. With appropriate parameters, this life span could account for the observed long-term stability. Alternatively, an occasional new local gene duplication may generate new gene pairs with a longer region of shared sequence, while genes whose shared sequence shrinks or diverges too far to support frequent gene conversion are eventually lost. The striking parallels between related gene clusters in the three nematode species argue that gene duplications and losses are infrequent, but there are some differences in cluster gene number that indicate that they do occur. If the generation of new genes by duplication were balanced with gene loss, the result could be a fairly stable gene configuration.
Adjacent genes in all of the gene clusters are predominantly in alternating orientation.
These configurations appear to persist over long periods and genetic exchange occurs among all of the genes, implying that the mechanism of concerted evolution in these families is predominantly gene conversion rather than unequal crossing over. Since most new gene duplicates in C. elegans are tandemly oriented, the inverted pattern of concerted gene clusters begs explanation. If there is a selective advantage to having a cluster of genes undergoing concerted evolution over long periods of evolutionary time, then stable arrangements of those genes may emerge. I hypothesize that alternating gene orientation stabilizes the cluster arrangement. A simple mechanism would be that clusters with tandemly oriented genes are unstable over the long term due to unequal crossing over. Such tandem genes may undergo concerted evolution initially, but this condition is less likely to persist over the long times that separate the three species studied here.
A previous study of the positions and orientations of genes with high sequence identity (interpreted as recent duplicates) concluded that the majority of duplication events in C. elegans result in inverted gene orientation (KATJU and LYNCH 2003) . It is possible that most such apparent inverted duplication events are actually older duplications that are undergoing concerted evolution.
Why concerted evolution? One explanation for the observed patterns is that they are a consequence of genome dynamics with little or no selective significance. We might imagine a recently duplicated pair of genes located close to each other. If no special recombination signals or chromosomal characteristics are required for gene conversion, the stability of concerted evolution between the duplicates will depend on the stability of the gene pair and the frequency and length of gene conversion events relative to the mutation rate (TESHIMA and INNAN 2004) . If the mutation rate predominates, the duplicate genes will soon lose sufficient nucleotide similarity for gene conversion and they will subsequently evolve separately. If gene conversion predominates, then evolution of the duplicates will be concerted for a substantial period of time without any need to invoke selection. Concerted evolution will also end when one member of the gene pair is deleted or a genome rearrangement separates the two genes.
My finding of an increased rate of amino acid change in concerted Nspb genes compared to non-concerted Nspb orthologs suggests that another possibility may apply in some cases. For a gene that is subject to long-term positive selection driven by some external influence, concerted gene clusters might serve to increase the rate of evolution. Specifically, I speculate that each gene in a concerted cluster independently explores protein evolution space. As usual, most mutations will be deleterious and will be eliminated by purifying selection (before or after the variant allele spreads in the cluster by conversion). Occasionally one gene may change to confer an advantage due to changing selection pressure, and this change may drive a selective sweep in the population. Subsequent or concurrent gene conversion events that spread the novel allele to other members of the concerted cluster will be favored because the reverse conversion will be selected against (or possibly because of selection for increased dosage of the favorable allele). This hypothesis can explain both an increased general rate of evolution and a greater increase in nonsynonymous changes relative to synonymous changes (if gene conversion tracts are short). A more prosaic alternative explanation cannot be ruled out: if the orthologous Nspb gene used for comparison had acquired a specific unique function prior to speciation, it might be subject to stronger purifying selection than the concerted genes, slowing its evolution and giving the appearance of accelerated evolution in other genes.
Ironically in light of these findings, concerted evolution has been documented and studied best in multicopy rDNA genes, in which repeat orientations are tandem and the rate of nucleotide evolution within the rRNA coding regions is very slow (BROWN et al. 1972 ). These differences can be reconciled as follows. First, the copy number of rDNA genes is indeed unstable (MICHEL et al. 2005) , as expected for large tandem arrays that undergo unequal crossing over. For rDNA genes, strong selection for an approximately optimal copy number presumably counteracts this instability. For other gene families, stability may arise instead from a stable genome structure involving genes in inverted orientation. Second, the slow rate of evolution of coding rDNA probably results from strong purifying selection rather than from concerted evolution itself (NEI and ROONEY 2004) . If advantageous rDNA coding variants arose at an appreciable frequency, presumably these could sweep through the rDNA repeats and result in accelerated evolution, as I hypothesize is the case for the Nspb gene family. The fact that such variants do not arise is a consequence of the stable function of ribosomal RNAs.
Eight of the ten gene families that undergo probable concerted evolution encode relatively small secreted proteins, most which have unusual amino acid compositions or sequence (Supplemental Table 4 ). These are common characteristics of anti-microbial peptide families (BROGDEN 2005) . I speculate that many of these genes encode secreted anti-microbial proteins and that concerted evolution permits rapid evolution in response to changing pathogen pressure. Each entry is the average for all pairwise comparisons among genes in the specified gene Alignments were made with ClustalX and were hand adjusted at a few sites. 
